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BACKGROUND: Perturbations in fetal growth may have adverse consequences for childhood and later life health. Organophosphate pesticide (OP) ex-
posure has been associated with reduced birth weight at delivery but results are not consistent. We investigated this question by utilizing ultrasound
measures of size in utero in combination with measures from delivery.

METHODS: Within Generation R, a population-based prospective cohort conducted between 2002 and 2006 in Rotterdam, Netherlands, we measured
dialkyl phosphates (DAPs), OP metabolites, in urine samples from early, middle, and late pregnancy and created a subject-specific average to estimate
OP exposure (n=784). Ultrasound measures of head circumference, femur length, and estimated fetal weight from middle and late pregnancy and
delivery measures were converted to standard deviation scores (SDS). Associations with DAP average were examined in linear mixed effects models
that included an interaction term between gestational age at measurement and DAP average to investigate whether the relationship differed over time.
Windows of vulnerability to exposure were assessed by modeling urinary DAPs from each visit in relation to growth measurements.

RESULTS: A 10-fold increase in average DAPs was associated with a −0:53 SDS decrease in fetal length (95% CI = − 0:83, −0:23) and a −0:32 SDS
decrease in estimated fetal weight (95% CI = − 0:59, −0:04) at 20 weeks of gestation. These differences corresponded to 5% and 6% decreases rela-
tive to the mean. Effect estimates were greatest in magnitude for DAP concentrations measured early in pregnancy. Associations between average
DAPs and growth measures at delivery were positive but not significant for head circumference and length and were null for weight.
CONCLUSIONS: Maternal urinary DAPs were associated with decreased fetal weight and length measured during mid-pregnancy, but not at delivery.
https://doi.org/10.1289/EHP4858

Introduction
Perturbations in normal fetal growth are linked to numerous
adverse health outcomes both in childhood (Miller et al. 2016) and
later life (Barker 2006). Suboptimal fetal growth is classically
approximated by birth weight at delivery with or without adjust-
ment for gestational duration. However, for diagnostic purposes,
assessment of fetal growth longitudinally during pregnancy is pre-
ferred (Resnik 2018). In research, repeated ultrasound measures of
growth allow for the a) improved ability to detect deviations from
normality that occur during gestation, not just at delivery; b) inves-
tigation of rates of change in growth, rather than a snapshot of size;
and c) assessment of specific fetal growth measures, such as length
as an indicator of skeletal size, which are not fully captured by birth
weight alone. Utilizing these data, researchers have demonstrated
specific time periods in pregnancy where changes in rate of growth
may have the greatest impact on childhood health outcomes (e.g.,
adiposity, neurodevelopment) (Gishti et al. 2014; Henrichs et al.
2010). Similarly, studies of environmental factors and fetal growth
have used these data to augment understanding of windows when

exposures have the strongest influence on growth and which spe-
cific anthropometric parameters are most affected (e.g., head cir-
cumference vs. weight) (Aguilera et al. 2010; Ferguson et al. 2016;
Philippat et al. 2014; Snijder et al. 2013).

To our knowledge, longitudinal ultrasounds in pregnancy have
not been used to investigate the association between organophos-
phate pesticide (OP) exposure and fetal growth. OPs such as dime-
thoate and parathion are a class of high-production insecticides
with neurotoxic capacity. Exposure can occur through occupa-
tional use or proximity to areas with agricultural application, but
most populations are exposed through diet (Llop et al. 2017; Lu
et al. 2008; Sokoloff et al. 2016; van denDries et al. 2018). There is
strong biologic plausibility for an effect of OPs on in utero growth
and development through interferencewith adenyl cyclase activity,
which is crucial for cell differentiation (Song et al. 1997); disrup-
tion of normal thyroid hormone function in the mother or fetus
(Campos and Freire 2016); or dysregulation of nutrient transport
across the placenta (Eskenazi et al. 1999). Evidence for an associa-
tion with birth weight has been demonstrated in some but not all
rodent studies of OPs (Breslin et al. 1996; Chanda and Pope 1996;
Maurissen et al. 2000; Muto et al. 1992). Results from human stud-
ies on the association between biomarkers of OPs and birth weight,
including a recent pooled analysis, have also been ambiguous, and
associations may differ by individuals’ ability to detoxify OPs by
the paraoxonase enzyme (Harley et al. 2016).

In the present study, we investigated the association between
maternal OP exposure in pregnancy and fetal growth as assessed
by repeated ultrasound measurements during pregnancy in com-
bination with neonatal assessments. We utilized urinary dialkyl
phosphates (DAPs), metabolites of OPs, measured in urine sam-
ples collected at three time points in pregnancy as proxies of ex-
posure. Our primary aim was to assess associations of average
DAPs over pregnancy with repeated measures of head circumfer-
ence, length, and weight measured at two time points during

Address correspondence to Kelly K. Ferguson, 111 T.W. Alexander Dr., P.O.
Box 12233, MD A3-05, Research Triangle Park, NC 27709 USA. Telephone:
(984) 287-3700. Email: Kelly.ferguson2@nih.gov
Supplemental Material is available online (https://doi.org/10.1289/EHP4858).
The authors declare that they have no actual or potential conflicts of interest.
Received 10 December 2018; Revised 22 July 2019; Accepted 25 July

2019; Published 16 August 2019.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehponline@niehs.nih.gov. Our staff
will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 087005-1 127(8) August 2019

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP4858.Research

https://doi.org/10.1289/EHP4858
mailto:Kelly.ferguson2@nih.gov
https://doi.org/10.1289/EHP4858
http://ehp.niehs.nih.gov/accessibility/
mailto:ehponline@niehs.nih.gov
https://doi.org/10.1289/EHP4858


pregnancy by ultrasound and at delivery. Our secondary aim was
to identify potential windows of vulnerability to exposure by
examining outcomes in association with DAP concentrations at
each individual time point. We additionally examined effect mod-
ification of these associations by fetal sex and PON1 genotype.

Methods

Study Population
Generation R is a prospective population-based birth cohort
designed to identify early environmental and genetic determinants
of development throughout life and which has been described in
detail previously (Kooijman et al. 2016). Briefly, all mothers who
resided in the study area in Rotterdam, Netherlands, and had a
delivery date between April 2002 and January 2006 were eligible.
Mothers were enrolled during pregnancy or in the first months after
the birth of their child when newborns visited the routine child
health centers. Among the 9,778 mothers who participated in the
study 8,879 (91%) were enrolled during pregnancy. Among the
4,918 women enrolled during pregnancy between February 2004
and January 2006, spot urine specimens during early, middle, and
late pregnancy (<18, 18–25, and >25weeks of gestational age,
respectively) were collected at the time of routine ultrasound
examinations. In total, 2,083 women provided a complete set of
three urine specimens. The study protocol underwent human sub-
jects review at Erasmus Medical Center, Rotterdam, Netherlands
(institutional review board registration no. IRB00001482, MEC
198.782.2001.31). Mothers provided written informed consent for
themselves and their children.

Among the women with urine specimens collected at each of
the three visits in pregnancy, 1,449 had complete information on
childhood health assessments (Kooijman et al. 2016). From these
women, 800 were randomly selected for a study designed to
assess the relationship between prenatal exposure to OPs and
childhood neurodevelopmental outcomes (van den Dries et al.
2018). Due to limitations in urine sample volume, 784 individu-
als were included in the final study population (n=778 with three
samples; n=5 with two samples; n=1 with one sample). A flow
chart describing the selection process is shown in Figure S1.
Women in this subset had higher education levels and were
slightly older and a greater proportion were Dutch compared with
the broader Generation R cohort (Kooijman et al. 2016).

Ultrasound and Delivery Measures of Size
During pregnancy, ultrasound scans were performed to calculate
gestational age and tomeasure fetal growth on the entire study pop-
ulation, as described in detail elsewhere (Gaillard et al. 2014).
Head circumference and length were measured in middle and late
pregnancy and estimated fetal weight for each time point was cal-
culated using the formula of Hadlock et al. (1985). At birth, head
circumference, length, and weight were measured. Standard devia-
tion scores (SDS) for eachmeasurement were calculated using lon-
gitudinal growth curves that accounted for gestational age at
measurement but not fetal sex (Gaillard et al. 2014).

Urinary Dialkyl Phosphate Measurement
At each of the three study visits, urine samples were collected from
participants in polypropylene cups and stored until analysis at
−20�C (Jusko et al. 2019; Kruithof et al. 2014). Six nonspecific
DAPs were measured using gas chromatography coupled with tan-
dem mass spectrometry (GC-MS/MS) at the Institute National
de Santé Publique (INSPQ) in Quebec, Canada, with methods
described in detail elsewhere (Haines andMurray 2012; Jusko et al.
2019). These measurements included three dimethyl metabolites

(dimethylphosphate, dimethythiophosphate, and dimethyldithio-
phosphate; DMPs) and three diethyl metabolites (diethylphos-
phate, diethylthiophosphate, and diethyldithiophosphate; DEPs).
Limits of detection were between 0.06 and 0:5 lg=L and coeffi-
cients of variation for inter-day reliability were <10% (van den
Dries et al. 2018). Values below the limit of detection were
imputedwithmachine-reported valueswhen available.

We calculated nanomolar sums of DMPs, DEPs, and total
DAPs using molecular weights (Jusko et al. 2019; van den Dries
et al. 2018). To adjust for urine dilution, we measured creatinine
concentrations using the Jaffe reaction and corrected each sum so
that final concentrations are presented in nanomoles per gram cre-
atinine. Finally, we calculated subject-specific geometric averages
of DMP, DEP, and DAP concentrations from levels measured at
each of the three visits in pregnancy in order to create more stable
estimates of exposure for our primary aim (van den Dries et al.
2018).

PON1 genotyping
Cord blood from 523 children included in the present analysis was
genotyped using Illumina 610K and 660W arrays, as described
previously (Jusko et al. 2019). We examined single nucleotide
polymorphisms (SNPs) for PON1−Q192, which was directly geno-
typed, and four other SNPs that were imputed in the genotype
data set, including rs705379 (PON1−108), rs705381 (PON1−161),
rs854560 (PON1−L55M), and rs854572 (PON1−909). MaCH 1.0
(Li et al. 2010) was used to impute the 1000 Genomes Iv3 refer-
ence panel (1000 Genomes Project Consortium et al. 2015), and
all four imputed SNPs had excellent imputation quality (R2 > 0:95)
and high minor allele frequencies (>26%). For individuals with no
genotyping data available, all SNPs were imputed as described
below.

Statistical Methods
All analyses were performed using R (version 3.4.3; RDevelopment
Core Team). To address missing data, we imputed the data set 10
times using multiple imputation by chained equation (MICE) in R
(package mice) (van Buuren and Groothuis-Oudshoorn 2010). For
DAPs, a small number of concentrationsweremissing due to insuffi-
cient sample or machine error (≤5 measurements for any visit for
DMPs; ≤23 for DEPs; ≤5 for creatinine). Imputations were per-
formed prior to calculating nanomolar sums, creatinine correction,
and calculation of subject-specific averages. Missing covariates
listed in Table 1 (<20% for all) were imputed, and the following
covariates were additionally included as predictors for imputation:
maternal education level; caloric intake; caloric intake from vegeta-
bles and caloric intake from fruits; paternal education level; maternal
ethnicity; and body mass index (BMI). We also imputed missing
ultrasound and delivery SDSof fetal or newborn size. Due to the cor-
relation between size measurements, only birth-weight SDS was
included as a predictor in theMICE procedure. Finally, for individu-
alsmissing allPON1 genotyping data, we imputed SNPs in the same
MICE procedure as has been done in our previous analyses; how-
ever, PON1was not used as a predictor in the imputation step due to
a high proportion of missing measures. Thus, unless stated other-
wise, all models presented contain the full sample (n=784) and
complete observations at all time points.

We calculated distributions of demographic characteristics and
DAP averages and examined Pearson correlations between DAPs
at individual time points and for averages. We calculated raw (i.e.,
unstandardized) ultrasound and delivery measures of size in the
unimputed data set for interpretation purposes. To address our pri-
mary research question, we created linear mixed effects models
using the nlme package (Pinheiro et al. 2014), modeling average
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DMP,DEP, orDAP exposure over pregnancy in relation to repeated
SDS of head circumference, length, or weight (ultrasound measures
frommiddle and late pregnancy in combination with birth measure-
ments at delivery). In this and other pregnant populations, within-
individual variation in urinary DAP concentrations is greater than
variation between individuals (Casas et al. 2018; Spaan et al. 2015).
This reflects daily variation in exposure through, for example, vari-
able dietary patterns, as well as rapid metabolic clearance of these
compounds (van den Dries et al. 2018). Consequently, if exposures
are relatively consistent over longer periods of time, average DAP

concentrations based on multiple urine samples should provide a
more accurate measure of usual exposure at any point during preg-
nancy than DAP concentrations measured in an individual sample.
Therefore, in our primary analyses, we used pregnancy average
DAP concentrations to estimate usual exposure across pregnancy
despite the fact that this included urinary biomarkers from late preg-
nancy that were collected after the mid-pregnancy ultrasound. DAP
averages were log10-transformed for analysis to improve model fit.
All models included a random intercept for each subject as well as a
random slope for gestational age at growth measurement. We addi-
tionally included an interaction term betweenDAP average and ges-
tational age at growth measurement to allow the exposure–outcome
association to differ by timing of outcome measurement. Because
results differed based on the timing of outcome measurement and
because presentation ofmain effect and interaction terms can be dif-
ficult to interpret, we presented results frommodels where the inter-
cept was varied so that the results would represent associations
where the outcome was measured at 20, 30, and 40 weeks of
gestation.

For adjusted models, we included an a priori set of covariates
based on previously observed associations with the exposure and
outcome or covariates known to improve the precision of the out-
come estimate. These included fetal sex (categorical), maternal age
(continuous), prepregnancy weight (continuous), height (continu-
ous), maternal education level (categorical), maternal ethnicity (cat-
egorical), parity (categorical), smoking in pregnancy (categorical),
alcohol use in pregnancy (categorical), folic acid use, and gestational
age at growthmeasurement (continuous). Folic acid was included in
this study population because it has been associated with fetal
growth and because it is a strong indicator of socioeconomic status
(SES), a predictor of urinary DAP concentrations (Timmermans
et al. 2008, 2009; van den Dries et al. 2018). Maternal height and
weight were included instead of the aggregate BMI because each is
an independent predictor of fetal growth (Gardosi et al. 1992).

Our second aim was to examine windows of vulnerability to
exposure. To do so, we created cross-sectional models of total
urinary DAP concentrations measured at each study visit in rela-
tion to outcome measurements at middle and late pregnancy and
at delivery (i.e., one exposure time point and one outcome time
point per model). For these analyses, we examined only out-
comes at the same or subsequent visits (i.e., we did not model
late pregnancy exposure biomarkers in association with middle
pregnancy fetal growth measurements). All models retained the
same covariates as those used in the repeated measures analyses.
Results for all cross-sectional models are reported for associa-
tions with outcomes at early, middle, or late pregnancy and are
referred to as such.

To assess effect modification of the relationship between
DAPs and fetal growth by fetal sex, we examined associations in
models stratified by this variable, and we additionally included a
two-way interaction term between sex and exposure in repeated
measures models to test the significance of any observed differen-
ces. A similar approach was used to estimate effect modification
by PON1 genotype. Interaction terms with p<0:05 were consid-
ered statistically significant.

To test the robustness of our results, we first examined the
influence of imputing outcome measurements. To do so, we cre-
ated a new set of 10 imputed data sets in which the low propor-
tion missing for exposures and covariates were imputed, but the
outcome was not. We then recreated linear mixed effects models
for comparison. Second, we examined results with DMPs and
DEPs included in the same model in order to distinguish the
effects of the two classes. Third, because these metabolites dem-
onstrate only weak-to-moderate reliability over pregnancy (e.g.,
intraclass correlation coefficient for DAPmetabolites= 0:30)

Table 1. Demographic and lifestyle characteristics in a subset (n=784) of
mothers with singleton live births from the Generation R Study population.

Characteristic Median (25th, 75th) or n (%)

Maternal age (y) 31 (28, 34)
<20 14 (1.79)
20–<25 79 (10.1)
25–<30 208 (26.5)
30–<35 360 (45.9)
≥35 123 (15.7)

Maternal ethnicity
Dutch 451 (57.5)
Other Western 70 (8.93)
Non-Western 263 (33.6)
Maternal education
Low 113 (14.9)
Intermediate 229 (30.2)
High 417 (54.9)
Missing 25 (3.12)
Household income (Euros/month)
<1,200 86 (11.0)
1,200–2,000 113 (14.4)
>2,000 483 (61.6)
Missing 102 (13.0)
Marital status
Partner 677 (89.7)
No partner 78 (10.3)
Missing 29 (3.70)
Weight prepregnancy (kg) 64.0 (58.0, 72.0)
Missing 96 (12.2)
Height at Visit 1 (cm) 168 (163, 173)
Missing 1 (0.13)
Parity
0 486 (62.0)
1 208 (26.5)
≥2 86 (11.0)
Missing 4 (0.51)
Smoking
No smoking during pregnancy 555 (70.8)
Until pregnancy recognized 64 (8.16)
Continued during pregnancy 102 (13.0)
Missing 63 (8.04)
Alcohol consumption
No consumption during pregnancy 273 (34.8)
Until pregnancy recognized 130 (16.6)
Continued occasionally 293 (37.4)
Continued frequently 48 (6.12)
Missing 40 (5.10)
Folic acid intake
None 98 (12.5)
Started in first 10 weeks of pregnancy 212 (27.0)
Started preconception 319 (40.7)
Missing 155 (19.8)
Fetal sex
Male 398 (50.8)
Female 386 (49.2)
Preterm (<37weeks of gestation)
No 762 (97.1)
Yes 22 (2.90)
Low birth weight (<2,500 g)
No 761 (97.0)
Yes 23 (3.0)
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(Spaan et al. 2015), we examined the effect of adjusting for mea-
surement error by applying regression calibration (Hardin et al.
2003). We applied the calibration to repeated measures models of
average DAP concentrations in associations with each fetal
growth outcome. Fourth, to test the robustness of our results to
adjustment for additional SES factors, we examined models addi-
tionally adjusted for marital status and income level. Fifth,
because season has been associated both with urinary DAP (van
den Dries et al. 2018) and with birth weight in some studies
(Strand et al. 2011), we examined the effect of additionally
adjusting for this potential confounder. Finally, we examined
associations after removing babies who were born preterm (i.e.,
prior to 37 weeks of completed gestation) in order to determine
whether or not our results could be attributed to gestational age at
delivery rather than size.

Results
Of the 784 women included in the present analysis, the median
maternal age was 31 y, most of the women were Dutch (58%),
and the prepregnancy median weight was 64 kg (Table 1). For
62% of women this was their first pregnancy, and smoking and
alcohol use was low to moderate in the study population. A small

percentage of women never took folic acid supplements either
prior to or at any point during pregnancy.

The median gestational ages for middle and late pregnancy
ultrasounds were 20.4 weeks [95% confidence interval (CI): 20.3,
20.5] and 30.4 weeks (95% CI: 30.3, 30.5), respectively, and the
median gestational age at delivery was 40 weeks (95% CI: 40.0,
40.2) (Table 2). Almost all participants included in the present
analysis had ultrasound measurements available at these two time
points prior to imputation. All participants had data available on
birth weight at delivery, but a smaller proportion had head circum-
ference (61%) or birth length (72%) assessed. Thus, a larger pro-
portion of head circumference and birth length measurements were
imputed. Distributions of urinary DMPs, DEPs, and DAPs by
study visit and on average are presented in Table 3. As previously
reported, concentrations by visit showed weak-to-moderate reli-
ability (intraclass correlation coefficients 0.14–0.38) (Spaan et al.
2015). DMPs and DAPs were highly correlated both for averages
and at individual study visits (Pearson r=0:97–0:98), but DEPs
were less correlated with DAPs (Pearson r=0:53–0:63) and
DMPs (Pearson r=0:43–0:47) (see Table S1).

Primary Analysis: Repeated Measures Models
Effect estimates from fully adjusted repeated measures models,
accounting for interaction between exposure and gestational age
at growth measurement, demonstrated that associations between
pregnancy averages of exposure and outcomes differed based on
the timing of outcome measurement (i.e., interactions between
exposure and time were statistically significant; see Table S2).
For the presentation of results, we calculated effect estimates for
outcomes at 20, 30, and 40 weeks (Table 4). At 20 weeks, a 10-
fold increase in pregnancy-averaged total DAPs was associated
with a 0.53-SDS shorter length (95% CI: −0:83, −0:23) and a
0.32-SDS lower weight (95% CI: −0:59, −0:04). For length, this
difference corresponds to −2 mm, or −5%, relative to the mean
for length at 20 weeks of gestation. For weight, this corresponds
to −24 g, or −6%, relative to the mean for estimated fetal weight
at 20 weeks of gestation. DMPs and DEPs individually were also
inversely associated with length and weight at this time point, but
none of the DAPs were significantly associated with differences
in head circumference.

Table 2. Distribution of fetal and neonatal anthropometric parameters prior
to imputation.

Anthropometric parameter n (%) Mean (SD)

Middle pregnancy (ultrasound)
Gestational age (weeks) 784 (100) 20.4 (0.92)
Head circumference (mm) 774 (98.7) 178 (12.3)
Length (mm) 779 (99.4) 33.1 (2.98)
Estimated fetal weight (g) 777 (99.1) 369 (73.8)
Late pregnancy (ultrasound)
Gestational age (weeks) 784 (100) 30.4 (0.83)
Head circumference (mm) 777 (99.1) 286 (11.4)
Length (mm) 784 (100) 57.6 (2.80)
Estimated fetal weight (g) 782 (99.7) 1,626 (238)
Delivery (physical exam)
Gestational age (weeks) 784 (100) 40.1 (1.48)
Birth head circumference (cm) 478 (61) 33.7 (1.72)
Birth length (cm) 562 (71.7) 50.4 (2.24)
Birth weight (g) 784 (100) 3,452 (505)

Table 3. Distribution of urinary organophosphate pesticide metabolite concentrations by study visit and on average (nmol/g creatinine) in a subset of the
Generation R Study population (n=784).

Metabolites/anthropometric parameter Geometric mean

Percentiles

25th 50th 75th 95th

Total dimethyl phosphates (DMPs)a

Early pregnancy 249.8 148.6 244.1 413.6 860.0
Middle pregnancy 263.6 168.8 268.6 415.4 854.3
Late pregnancy 247.4 157.1 247.8 398.9 863.1
Average 253.5 183.1 259.1 355.3 582.9
Total diethyl phosphates (DEPs)b

Early pregnancy 42.9 25.1 43.1 79.3 175.6
Middle pregnancy 40.5 23.2 41.6 74.3 179.8
Late pregnancy 40.1 21.6 41.5 77.3 176.3
Average 40.0 28.2 42.6 64.6 116.6
Total dialkyl phosphates (DAPs)c

Early pregnancy 308.4 188.1 306.9 499.3 989.0
Middle pregnancy 317.9 206.7 316.5 485.9 1,001.9
Late pregnancy 301.5 194.0 307.9 489.0 984.8
Average 309.2 226.4 311.0 438.8 687.3

Note: Number of metabolites missing due to machine error in early, middle, and late pregnancy: DMDTP: 0, 0, 3; DMP: 0, 0, 0; DMTP: 0, 0, 1; DEDTP: 0, 1, 1; DEP: 1, 0, 0; DETP:
13, 22, 16. Number of metabolites missing due to insufficient urine volume for analyses: early pregnancy= 5; middle pregnancy= 1; late pregnancy= 1 (6 participants total). Values in
this table include imputed data.
aDMPs represent a molar sum of dimethylphosphate (DMP), dimethylthiophosphate (DMTP), and dimethyldithiophosphate (DMDTP).
bDEPs represent a molar sum of diethylphosphate (DEP), diethylthiophosphate (DETP), and diethyldithiophosphate (DEDTP).
cDAPs represent a molar sum of all of the above. Percent below the limit of detection by individual metabolite in early, middle, and late pregnancy: DMDTP: 19.9, 18.1, 18.0; DMP:
0.1, 0, 0; DMTP: 3.5, 3.6, 2.4; DEDTP: 81.1, 84.5, 85.0; DEP: 2.7, 5.4, 4.1; DETP: 12.1, 11.8, 11.7.
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Interaction terms between exposure and gestational age indi-
cated that associations became weaker as pregnancy progressed, so
that at 30 or 40weeks no significant associations between DAPs and
fetal measurements were observed (Table 4). To illustrate these
effects, we plotted estimated coefficients and confidence intervals by
time for associations between DAPs and head circumference
(Figure 1A), length (Figure 1B), andweight (Figure 1C). This shows
that at delivery associations were null for weight and positive but
nonsignificant for head circumference and length. These results are
also consistent with those from cross-sectional models of pregnancy
averages in association with growth measurements from each study
visit (middle pregnancy, late pregnancy, and delivery). Cross-
sectional associations with pregnancy averages are displayed in
Figure 2D,with effect estimates inTable S3.

Secondary Analysis: Windows of Vulnerability to Exposure
Cross-sectionalmodels of visit-specific urinaryDAP concentrations
in association with each outcome demonstrated some differences by
timing of exposure (Figure 2A–C; see also Tables S4–S6). In gen-
eral, total urinary DAPs measured in early pregnancy showed the
strongest associations with length and weight (Figure 2A; Table
S4). A 10-fold increase in concentrations measured in samples col-
lected in early pregnancy was associated with lower fetal length
(b= − 0:30, 95% CI: −0:50, −0:10) and weight (b= − 0:22, 95%
CI:−0:4,−0:04) atmid-pregnancy, and also with lower fetal length
(b= − 0:16, 95% CI: −0:36, 0.04) and weight (b= − 0:19, 95%
CI: −0:39, 0.01) in late pregnancy, although the latter association
was not statistically significant. Levels measured in mid-pregnancy
samples were associated with lower fetal length (b= − 0:2, 95%
CI: −0:42, 0.02) and weight (b= − 0:14, 95% CI: −0:34, 0.06) in
mid-pregnancy but not in late pregnancy or at delivery (Figure 2B;
Table S5). Finally, levels measured in late pregnancy samples were
not associated with differences in length or weight but were posi-
tively associated with head circumference measured at delivery
(Figure 2C; Table S6). Patterns for DMPs and DEPs were similar to
the overall DAPs (see Figures S2–S3 and Tables S4–S6).

Effect Modification by Sex and Genotype
Interaction terms between total DAPs and sex demonstrated asso-
ciations with length and weight that were stronger (i.e., more neg-
ative) for males compared with females (Table 5), although
associations were still observed for females in models of length.

Adjusted associations by gestational age and sex are displayed in
Figures 3A–C for length, weight, and head circumference respec-
tively. These figures show how the exposure–response associa-
tions differ in males and females based on timing of outcome
measurement. Interaction terms between total DAPs and PON1
genotype were not statistically significant (p=0:18–0:93) and
there were no clear differences in exposure–outcome associations
according to SNP genotypes (see Tables S7A–E).

Sensitivity Analyses
For repeated measures models, associations without adjustment
for covariates were slightly greater in magnitude (i.e., more nega-
tive) but otherwise similar to those observed in our primary analy-
sis (see Table S8). Associations in models without imputed
outcome were also similar, although effect estimates for head cir-
cumference were closer to the null (see Table S9). Summed DEPs
and DMPs were moderately correlated (Pearson r=0:45). When
exposures were both included in a mutually adjusted model, asso-
ciations were similar to the primary single-pollutant findings (see
Table S10). In both, effect estimates were greater in magnitude
(i.e., more negative) for DMPs compared with DEPs for all growth
parameters. We additionally examined the effect of adjusting for
the measurement error inherent in our exposure biomarkers by cre-
ating our repeated measures models of average urinary DAPs with
application of regression calibration. As expected, we observed
that the effect estimates were less attenuated (i.e., farther from the
null) compared with the results from the primary model but that
variances were increased (see Table S11). Finally, we observed
minimal differences when we added marital status and family
income as additional measures of SES to the model, when we
included season of sample collection, or when our population was
restricted to babies born at term (see Table S12–S14, respectively,
for DAPs only).

Discussion
In a study of pregnant women in the Netherlands, we observed that
elevated urinary biomarkers of OP exposure were associated with
reduced fetal size as indicated by measurements of length and
weight inmid-pregnancy, but not at delivery. Furthermore, elevated
biomarkers of exposure from early as well as mid-pregnancy dem-
onstrated associations with growthmeasurements that were greatest
in magnitude and the most precise. The latter suggests that early

Table 4. Adjusted difference in fetal head circumference, length, or weight standard deviation score (SDS) at selected weeks of gestation in association with
pregnancy average urinary organophosphate pesticide metabolite concentrations in a subset of the Generation R Study population (n=784).

Anthropometric parameter/gestational age

Difference in SDS score (95% CI)

Total DMPsa Total DEPsb Total DAPsc

Head circumference (weeks)
20 −0:11 (−0:42, 0.19) 0.00 (−0:13, 0.14) −0:09 (−0:40, 0.23)
30 0.12 (−0:14, 0.38) 0.07 (−0:04, 0.18) 0.13 (−0:14, 0.39)
40 0.35 (−0:07, 0.78) 0.13 (−0:06, 0.33) 0.34 (−0:11, 0.79)
Length (weeks)
20 −0:46 (−0:75, −0:17) −0:17 (−0:30, −0:04) −0:53 (−0:83, −0:23)
30 −0:09 (−0:32, 0.14) −0:06 (−0:17, 0.04) −0:13 (−0:37, 0.10)
40 0.29 (−0:05, 0.63) 0.05 (−0:11, 0.21) 0.27 (−0:08, 0.61)
Weight (weeks)
20 −0:27 (−0:54, 0.00) −0:16 (−0:28, −0:04) −0:32 (−0:59, −0:04)
30 −0:10 (−0:32, 0.12) −0:08 (−0:18. 0.02) −0:13 (−0:36, 0.09)
40 0.06 (−0:22, 0.35) 0.00 (−0:13, 0.13) 0.05 (−0:25, 0.34)

Note: Results from linear mixed effects models adjusted for fetal sex, maternal age (continuous), prepregnancy weight (continuous), height (continuous), education level (categorical),
maternal ethnicity (categorical), parity (categorical), smoking (categorical), alcohol use (categorical), folic acid use (categorical), and gestational age at ultrasound or delivery (continuous).
Models contain an interaction term between exposure concentration and gestational age at ultrasound/delivery, a random intercept for each participant, and a random slope for gestational
age at ultrasound/delivery. Values in this table include imputed data. CI, confidence interval; DAPs, dialkyl phosphates; DEPs, diethyl phosphates; DMPs, dimethyl phosphates.
aDMPs represent a molar sum of dimethylphosphate (DMP), dimethylthiophosphate (DMTP), and dimethyldithiophosphate (DMDTP).
bDEPs represent a molar sum of diethylphosphate (DEP), diethylthiophosphate (DETP), and diethyldithiophosphate (DEDTP).
cDAPs represent a molar sum of all of the above.
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Figure 1. Adjusted repeated measures associations between pregnancy average total dialkyl phosphate (DAP) concentrations and standard deviation scores
(SDS) of (A) head circumference, (B) length, and (C) weight by gestational age at growth measurement in the Generation R Study population (n=784).
Models adjusted for fetal sex, maternal age (continuous), prepregnancy weight (continuous), height (continuous), education level (categorical), maternal ethnic-
ity (categorical), parity (categorical), smoking (categorical), alcohol use (categorical), folic acid use (categorical), and gestational age at ultrasound or delivery
(continuous). Model contains an interaction term between exposure concentration and gestational age at ultrasound/delivery, a random intercept for each partic-
ipant, and a random slope for gestational age at ultrasound/delivery. Main effect and interaction terms (95% CIs) for each plot are as follows: (A) −0:51
(−1:32, 0.29); 0.02 (−0:01, 0.05); (B) −1:33 (−2:00, −0:66); 0.04 (0.02, 0.06); (C) −0:68 (−1:24, −0:12); 0.02 (0.00, 0.04). This figure includes imputed
data. Note: CI, confidence interval; DAPs, dialkyl phosphates; SDS, standard deviation scores.
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pregnancy exposuremay be an important vulnerable window for the
relationship betweenOP exposure and fetal growth.

The results from our analysis may shed light on previous epi-
demiologic studies with ambiguous findings on this relationship.
All previous studies have examined exposure in association with
measurements at delivery, and few have found evidence of
effects. This is consistent with what we would expect based on
our study given that we observed no associations between expo-
sure biomarkers and outcomes measured at delivery. A recent
pooled study combined data from four U.S. studies for a powerful
assessment of this research question (total sample size∼ 1,100);
however, no association was observed overall between prenatal
urinary exposure biomarkers and birth weight, length, or head
circumference (Harley et al. 2016). Other individual studies
using urinary biomarkers have noted some associations between
these exposures and outcomes, with differences by timing of ex-
posure assessment, PON1 genotype or expression, and, in some
instances, fetal sex; however, no clear patterns emerge upon
review of the data (Dalsager et al. 2018; Eskenazi et al. 2004;
Huang et al. 2017; Liu et al. 2016; Naksen et al. 2015; Rauch
et al. 2012; Wang et al. 2012; Wolff et al. 2007; Woods et al.
2017).

Some notable differences exist between this previous work
and our present study. First, all but two of the previous studies
had significantly smaller sample sizes (n∼ 50–450). However,
those with similar sample sizes had null findings. The largest
study to date was the pooled analysis, although the authors of
that study noted the difficulties in combining these data across
populations with differing demographics and exposure levels
(n∼ 1,000) (Harley et al. 2016). The second largest study from
the Odense Child Cohort in Denmark (n=858) measured urinary
DAP concentrations at ∼ 28weeks of gestation and was unable
to detect associations with birth weight, length, or abdominal or
head circumference at delivery (Dalsager et al. 2018).

Second, all but three studies assessed urine concentrations in a
single spot urine sample collected during gestation or at delivery.
Those with repeated measures had largely null findings, although
they were also more limited in sample size. Woods et al. (n=272)
averaged measures from 16 and 26 weeks of gestation and did not
detect associations with birth weight (Woods et al. 2017). Naksen
et al. (n=52) and Huang et al. (n=105) modeled urinary concen-
trations from two visits during pregnancy and at delivery sepa-
rately, with primarily null results (Huang et al. 2017; Naksen et al.
2015). OPs are metabolized quickly in the human body, and uri-
nary DAP concentrations show only moderate stability over preg-
nancy (Huang et al. 2017; van den Dries et al. 2018); thus, the
availability of repeated measures for estimating more stable
subject-specific averages is an advantage in our study. Even though
these averages included a urinary measurement (late pregnancy)
that was taken after the time of some outcome measurements
(ultrasound measures frommid-pregnancy), the average is the best
choice for exposure assessment because individual measurements
are highly variable over time due to variations in exposure sources
(e.g., diet) in combination with rapid metabolic excretion (Casas
et al. 2018; Spaan et al. 2015). Consequently, if we assume that
exposures are generally consistent over pregnancy, the average
measurewill be the best estimate.

In addition, availability of repeated measurements enabled us to
investigate windows of vulnerability to exposure during gestation.
We observed that urinaryDAP concentrations from early pregnancy
were associated with reduced length and estimated fetal weight in
mid- and late pregnancy. DAP levels frommid- and late pregnancy,
however, were not associated with growth measurements. This
could suggest that early pregnancy is a particularly sensitive win-
dow to exposure. Early tomid-pregnancy is a time of rapid placental
development that could bemediating these effects.

A third major difference between our study and those previ-
ously published is in exposure biomarker levels, which differ
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Figure 2. Adjusted cross-sectional associations between visit-specific total dialkyl phosphate (DAP) concentrations measured in total urinary DAPs in A)
early pregnancy, B) middle pregnancy, C) late pregnancy, and D) averaged over pregnancy and standard deviation scores (SDS) of fetal growth parameters
(head circumference, length, and weight) measured during pregnancy by ultrasound and by clinical examination at delivery in the Generation R Study popu-
lation (n=784). Model adjusted for fetal sex, maternal age (continuous), prepregnancy weight (continuous), height (continuous), education level (categori-
cal), maternal ethnicity (categorical), parity (categorical), smoking (categorical), alcohol use (categorical), folic acid use (categorical), and gestational age
at ultrasound or delivery (continuous). This figure includes imputed data. Note: CI, confidence interval; DAPs, dialkyl phosphates; SDS, standard deviation
scores.
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greatly across these populations. The average urinary DAP con-
centration in this study population was 312 nmol=g creatinine,
whereas levels in most studies range from 10–100 nmol=g creati-
nine. Levels may be higher in the Generation R cohort participants
due to a higher consumption of fruits in this study population or to
the application of larger quantities of pesticides in farms in the
Netherlands (van den Dries et al. 2018). The only study to note
higher levels was the abovementioned study by Huang et al.
(2017), which reported geometric mean concentrations of summed
DMP and DEP metabolites as high as 569 and 282 nmol=g creati-
nine, respectively, in samples analyzed at 11 and 26 weeks of ges-
tation and at delivery. It is not apparent that studies with higher
exposure levels are more likely to demonstrate an association with
differences in birth outcomes at delivery; however, this might be
difficult to detect if all members of the given population are more
highly exposed.

Associations observed between urinary DAPs and fetal length
and weight in mid-pregnancy were more pronounced in males
compared with females. Similar sex differences have been
observed in associations between this exposure and neurobeha-
vioral deficits, with males demonstrating stronger associations
(Horton et al. 2012; Marks et al. 2010). Placental differences by
sex, including epigenetic patterns (Martin et al. 2017), could
influence the amount of the toxic compound that is transferred to
the fetus and partially explain these differences. Alternatively, the
differences observed may be due to the fact that the male fetus is
more vulnerable to adverse pregnancy outcomes, particularly to
perturbations during their rapid growth in early pregnancy
(Eriksson et al. 2010; Pedersen 1980).

The findings from the present study may be difficult to inter-
pret clinically because no associations were detected with size at
delivery. However, differences in growth in early pregnancy may
be crucial for health outcomes later in life. First-trimester growth
restriction is associated with faster weight gain and adverse cardi-
ovascular profiles in school-age children (Jaddoe et al. 2014;
Mook-Kanamori et al. 2010). This may be a particularly sensitive
time in development, and the consequences of the associations
we observed should be investigated in future work.

Our ability to detect differences in growth in association with
exposure early in pregnancy could be due to methodological issues
as well. Estimated fetal weight as calculated by a combination of
ultrasound measures is subject to much more measurement error
compared with birth weight (Dudley 2005). However, we would
predict that this would lead to improved ability to detect associa-
tions between exposure and weight at delivery rather than early in
pregnancy. Alternatively, because fetal weight gain occurs primar-
ily in the third trimester, the influence of any error in the estimate
of gestational age might be more pronounced toward the end of
pregnancy. This could partially explain this difference in our find-
ings based on timing of outcomemeasurement.

The primary limitation of this study is the nonspecificity of
DAPs. Because OPs are metabolized rapidly, these biomarkers
remain the best and most commonly used indices of total
individual-level exposure (Bravo et al. 2002). However, DAPs
reflect human exposure to both the toxic compounds as well as
their nontoxic metabolites, which are formed outside the body
and can enter the human body through the same exposure routes
as the parent compounds. Urinary concentrations of DAPs, there-
fore, may overestimate exposure to the toxic compounds of inter-
est. This may mean, however, that the associations observed with
DAPs in this and other studies may be lower than those that
would have been observed with a better estimator of exposure
(Sudakin and Stone 2011).

In general, our estimates of exposure are superior to those
from other human studies because we measured spot urineT
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Figure 3. Adjusted and sex-stratified repeated measures associations between pregnancy average total dialkyl phosphate (DAP) concentrations and standard
deviation scores of (A) head circumference, (B) length, and (C) weight by gestational age at growth measurement in the Generation R Study population
(n=784, 398 males 386 females). Model adjusted for maternal age (continuous), prepregnancy weight (continuous), height (continuous), education level (cate-
gorical), maternal ethnicity (categorical), parity (categorical), smoking (categorical), alcohol use (categorical), folic acid use (categorical), and gestational age
at ultrasound or delivery (continuous). Models contained an interaction term between exposure concentration and gestational age at ultrasound/delivery, a ran-
dom intercept for each participant, and a random slope for gestational age at ultrasound/delivery. Main effect and interaction terms (95% CIs) for each plot are
as follows: (A) male: −0:35 (−1:35, 0.66); 0.01 (−0:02, 0.05); female: −0:92 (−2:06, 0.22); 0.04 (0.00, 0.08); (B) male: −1:67 (−2:62, −0:72); 0.04 (0.01,
0.08); female: −0:93 (−1:90, 0.04); 0.03 (0.00, 0.07); (C) male: −1:13 (−1:93, −0:33); 0.03 (0.00, 0.05); female: −0:15 (−0:93, 0.64); 0.01 (−0:02, 0.03).
This figure includes imputed data. Note: CI, confidence interval; DAPs, dialkyl phosphates; SDS, standard deviation scores.
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concentrations of DAPs at three time points in pregnancy, creat-
ing subject-specific averages that may be a more stable reflection
of exposure over time (Spaan et al. 2015). Despite this improve-
ment, the measurement error may have biased our effect esti-
mates toward the null. Indeed, adjusting for measurement error
with regression calibration resulted in effect estimates that were
farther from the null but more imprecise, illustrating the known
trade-off between bias and variance (Carroll et al. 2006).

Our study was also limited by smaller sample sizes with
available information on head circumference and body length on
neonates. However, we handled missingness by imputing using
the MICE procedure, which we previously showed was a suitable
approach for fetal growth data (Ferguson et al. 2018). In addition,
associations in an unimputed data set were very similar to those
shown in our primary results, with the exception of the associa-
tions between DAPs and head circumference, which were closer
to the null. Last, combining measures of fetal size with measures
at delivery in repeated measures models may be problematic
because they are measured differently and hence reflect different
outcomes. This could be another explanation for the differences
we observed between associations with ultrasound measurements
in mid-pregnancy vs. anthropometric measurements at delivery.
However, we also observed associations closer to the null at late
pregnancy with measurements also taken by ultrasound, so we
believe this is unlikely to be the case.

The major strengths of our study were the large sample size,
the availability of three urinary measurements of DAP metabo-
lites to assess exposure, and the use of repeated ultrasound scans
that captured fetal size at multiple time points in pregnancy and
in different parameters (e.g., length in addition to weight). This
allowed us to investigate associations with OP exposure during
gestation that have not been previously examined and enabled
detection of decreased fetal growth in early pregnancy in associa-
tion with exposure.

In summary, urinary biomarkers of OPs were inversely asso-
ciated with length and weight in mid-pregnancy, with stronger
associations observed for exposure biomarkers measured in urine
samples collected during early and mid-pregnancy as well as
with stronger associations observed in males compared with
females. Future research should be directed toward improving the
understanding of the consequence of these differences observed
on health outcomes later in life.
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